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Under standard growth conditions, the filamentous ascomycete Neurospora crassa grows by continuous hyphal elongation and branching, which results in the formation of spreading radial colonies. Hyphal growth is a complex process which requires the proper orchestration of a multitude of events. The large number of factors involved in hyphal growth is reflected by the dozens of mutants, defective in hyphal elongation/branching, which have been isolated (Perkins et al., 1982) . Some of these mutants, designated cot, display a compact, colonial temperature-sensitive phenotype under conditions favoring spreading growth in the wild-type. The cot-1 strain exhibits normal spreading radial growth at or below 25°C, but the mutant's colonies grow slowly with extensively branched hyphae at or above 32°C (Mitchell and Mitchell, 1954) . In addition to other mutants which exhibit a colonial growth phenotype, cot-1 growth morphology can be pheno-copied by the wild-type when grown on solid media containing 1.0% L-sorbose (Tatum et al., 1949) . The toxic effect of sorbose is due, at least in part, to a direct effect on cell wall biosynthesis, as the sugar has been shown to partially inhibit glycogen synthetase and glucan synthetase in vivo and in vitro (Mishra and Tatum, 1972) .
One of the most important mechanisms by which the activity of proteins is regulated in a reversible manner is protein phosphorylation. As protein phosphorylation has been demonstrated to play a key role in almost every cellular process, it is not surprising that during the past few years, different protein kinases and phosphatases have been found to be involved in N. crassa hyphal branching, growth, and morphology (Alex et al., 1996; Bruno et al., 1996; Prokisch et al., 1997; Yarden et al., 1992; .
The cot-1 gene has been isolated and on the basis of the deduced COT1 amino acid sequence, the gene has been predicted to encode a Ser/Thr-specific protein kinase which shares significant similarity with the Rho kinase subfamily (Yarden et al., 1992; Justice et al., 1995; Wissmann et al., 1997; Verde et al., 1998) . Active Rho kinase has been shown to phosphorylate the myosin-binding subunit of myosin light chain (MLC) phosphatase, resulting in its inactivation. One consequence of MLC phosphatase inactivation is the accumulation of phosphorylated MLC, a form which affects cytoskeletal integrity due to the enhanced binding of myosin-actin filaments (Kimura et al., 1996; Amano et al., 1997) . Other close members of this Ser/Thr kinase family are encoded by the Drosophila warts/lats gene and the human DM gene. The warts/lats gene is required for the control of the amount and direction of cell proliferation as well as for normal morphogenesis (Justice et al., 1995; Xu et al., 1995) . Mutations in DM result in myotonic dystrophy (Mahadevan et al., 1993) . Recently, Verde et al. (1998) have shown that the fission yeast gene orb6, another member of this kinase family, is required during interphase to maintain cell polarity. Thus, functional expression of the above-mentioned genes is required for normal cell differentiation in different organisms.
Similarly to a depletion in COT1 kinase activity, the cessation of hyphal cell elongation can also be induced by impairing the activity of the fungal type 2B phosphatase (calcineurin) (Prokisch et al., 1997) . Calcineurin is a highly conserved Ca 2ϩ /calmodulin-regulated Ser/Thr phosphoprotein phosphatase (Klee and Cohen, 1988) . The functional enzyme is a heterotrimer composed of a catalytic subunit (calcineurin A, CNA), a regulatory subunit (calcineurin B), and calmodulin. Calcineurin was identified as a key compo-nent in the T-cell activation pathway of the immune response (Liu et al., 1991) . Prokisch et al. (1997) investigated the function of calcineurin in N. crassa strains transformed with a construct for the inducible expression of antisense RNA of the catalytic subunit of calcineurin (cna-1). Induction conditions arrested growth, indicating an essential function for the cna-1 gene of N. crassa. Arrested growth in the cna-1 antisense strain was shown to be preceded by increased hyphal branching, resembling the cot-1 phenotype, accompanied by changes in hyphal morphology and concomitant loss of the distinctive tiphigh Ca 2ϩ -gradient typical for growing wild-type hyphae (Prokisch et al., 1997) . Recently, the involvement of calcineurin in fungal morphogenesis was further substantiated by Kothe and Free (1998) , who demonstrated the requirement of cnb-1 (encoding the regulatory subunit of calcineurin) for normal vegetative growth and asexual reproduction in N. crassa.
Plamann and co-workers used a genetic approach to identify genes and their corresponding products which may be linked with cot-1 Plamann et al., 1994; Tinsley et al., 1996) . Many of the mutations that lead to partial suppression of the cot-1 phenotype identified genes (ro-1, ro-3, and ro-4) which encode structural and regulatory proteins belonging to the cytoplasmic dynein motor complex. They suggested that the strains harboring mutations in ro partially bypass the requirement for COT1 kinase, rather than COT1 being a direct regulator of the ro gene products. This hypothesis is supported by the fact that ro-2 apparently encodes yet another regulatory protein (Vierula, 1996) .
In this study, we determined the molecular nature of the cot-1 mutant and used an immunodetection-based approach to analyze the expression of COT1 in N. crassa. Our results establish a linkage between COT1 kinase and phosphorylative events in the fungal cell and suggest the occurrence of a physical interaction between COT1 kinase and calcineurin and the possible functional linkage among COT1 kinase, calcineurin, and a cytoskeletal motor protein.
MATERIALS AND METHODS
N. crassa strains, media, growth, and transformation conditions. N. crassa wild-type strains (74-OR23-1A; FGSC987), cot-1 (FGSC 4065), cot-2 (FGSC 1513), cot-3 (FGSC 1517), cot-4 (FGSC 3600), cot-5 (FGSC 3560), and the T3 transformant, harboring the cna-1 COT1 Kinase in N. crassa antisense cassette (Prokisch et al., 1997) , were used throughout this study. Procedures used for fungal growth and other manipulations are described in Davis and de Serres (1970) . Strains were grown in either liquid or solid (supplemented with 1.5% agar) Vogel's medium with 1.5% (w/v) sucrose or 1.5% (w/v) L-sorbose, or on solid medium. When required, the T3 strain was grown on induction medium, in which sucrose was replaced by 0.3% quinic acid (Prokisch et al., 1997) . Transformation of N. crassa was performed as described by Orbach et al. (1986) . When appropriate, the medium was supplemented with 100 µg/ml hygromycin B (Calbiochem or Boehringer Mannheim).
Cloning and sequencing of cDNAs and genomic fragments of cot-1. Genomic DNA and RNA were isolated as previously described . Total RNA was extracted according to the TRI REAGENT (Sigma) protocol. Subsequently, poly(A) ϩ RNA was isolated with a PolyA Tract mRNA isolation kit (Promega). cDNA clones of wild-type and mutant cot-1 were obtained by RT-PCR performed with the Promega Access RT-PCR system kit in accordance with the manufacturers' instructions. Standard procedures for restriction endonuclease digestion, agarose gel electrophoresis, DNA purification from agarose, and cloning-related techniques were performed as described in Sambrook et al. (1989) .
First strand cot-1 cDNA synthesis was performed with primer AAGACGTAACGCGAATTCCGGA, which was designed on the basis of the 3Ј end of the coding sequence, along with an EcoRI site to facilitate directional cloning into pETI1, which is a derivative of pET22b (Novagen; Kolot and Yagil, 1998) . Primers CTGAGCGCCCATAT-GCCTTC and GACAAGGTACCCATATGGACAACAC were used for second-strand synthesis and amplification of the cot-1(s) (1442 bp) and cot-1(l) (1796 bp) cDNAs, respectively. Both primers were designed with an NdeI site for in-frame cloning into the bacterial expression vector. The cDNA clones produced were designated pWS (wildtype cot-1(s) cDNA), pWL (wild-type cot-1(l) cDNA), and pML (mutant cot-1(l) cDNA). pOP1 was constructed by inserting a 1.6-kb StuI/SalI fragment containing most of the cot-1(l) cDNA, isolated from pWL, into a StuI/SalI 5.0-kb fragment of pOY18 (Yarden et al., 1992) which included the cot-1 promoter and 5Ј region of the gene along with the bluescript vector. pOP2 was constructed by insertion of a 2.4-kb SalI fragment containing a Hyg R cassette, isolated from pCSN43 (Staben et al., 1989) , into pOP1. For construction of pOP6, a 1-kb region of pOP2, containing the cot-1 promoter, was amplified using the universal T3 primer along with primer 27689 (TCATATGCTTGTACCTTGTCTCTAAA) which was synthesized with an NdeI site at the 5Ј end to facilitate in-frame cloning at the next stage of construction. The amplified fragment was cloned into a pGEMT (Promega) vector and designated pOP3. A 1-kb SmaI/SalI fragment of pOP3 was cloned into the corresponding sites of a Bluescript SK-(Stratagene) vector (pOP4). A 1.5-kb NdeI/ SalI fragment was isolated from pWS and inserted into the corresponding sites of pOP4, resulting in a construct desginated pOP5. pOP6 was a modification of pOP5, containing the 2.4-kb SalI Hyg R cassete isolated from pCSN43. For verification of pOP2 and pOP6 transformation into N. crassa, we used primers LT71 (CCAA-TGCCAACAACAACCAGAA) and LT72D (AGTTC-TGGGCTCTCCTCCTGCTG) which amplify a region bridging over introns II-IV. The difference in the size of the genomic versus cDNA template amplicon (ϳ175 bp) was used as an indication of the presence of the integrated cDNA constructs.
Sequencing was carried out by the dideoxy chaintermination method (Sanger et al., 1977) using a Taq DyeDeoxy Terminator Cycle Sequencing kit and an automated sequencer (Applied Biosystems, 373A). Sequencing was performed by using either unique cot-1 oligonucleotides (see Lauter et al., 1998) or common Bluescript, pGEMT, or pET vector promoter site sequences. Sequence analyses were carried out with the aid of the GCG program (Devereux et al., 1984) .
Preparation of polyclonal anti-COT1 antibodies. Recombinant COT1 or a synthetic 17-amino-acid COT1 peptide was used as antigen sources for the generation of anti-COT1 antibodies. Expression of COT1 polypeptides in Escherichia coli (strain BL21 (DE3)) harboring the various pETI1-based constructs was induced by adding IPTG to the growing cultures. Recombinant short (60-kDa) and long (70-kDa) COT1 polypeptides, which had a consecutive six-histidine residue extension at their Nterminus, were purified with the Ni-NTA Protein Purification System (Qiagen). The Ni-column-purified 60-kDa COT1 protein produced by bacteria harboring the pWS plasmid was used as an antigen source for producing antibodies in rabbits. In addition, a synthetic peptide (QINDWRRSRRLMAISTV) prepared on the basis of a unique region of COT1 within the kinase catalytic domain was injected into rabbits. Both antibodies (designated ␣COT60 and ␣COT17, respectively) were tested for immunoreactivity by Western blot analysis and used throughout this study.
Immunoblotting and immunoprecipitation. N. crassa mycelial samples were frozen in liquid nitrogen, pulverized, and suspended in lysis buffer [50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 10 mM EGTA, 0.5% Triton, 0.3% ␤-mercaptoethanol, and Complete (Boehringer Mannheim) protease inhibitor mixture]. The samples were homogenized by 10 strokes of pestle A in a Dounce homogenizer. Samples were frozen in liquid nitrogen and stored at Ϫ70°C.
Proteins were separated by 7.5, 10, 12, or 4-12% gradient SDS-PAGE. Western blotting was performed according to standard procedures (Sambrook et al., 1989) . Antibodies (and their respective dilutions) used throughout this study included ␣COT60 (1:20,000), ␣COT17
(1:20,000), anti-CNA1 (Prokisch et al., 1997 ; 1:20,000), anti-RO1 and anti-RO3 (both provided by M. Plamann and used at a dilution of 1:500), and anti-␣-tubulin (Sigma; 1:2000). Membranes were incubated at room temperature for 2-4 h or at 4°C overnight with the appropriate antibody. Goat peroxidase-coupled secondary antibody (Amersham) was used at a 1:20,000 dilution, followed by signal detection with ECL reagents (Sigma).
For immunoprecipitation, Protein A Sepharose beads (Pharmacia) were incubated on a rotation device, with an excess of the anti-COT1 or anti-PP2B antibodies in binding buffer (0.1% SDS, 0.5% NP-40, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA) for 1-2 h at 4°C. After the unbound antibodies were removed, the treated beads were resuspended in binding buffer with the protein extracts (300-400 µg) and incubated for 10 h at 4°C. Immunoprecipitated proteins were eluted by boiling in sample buffer. The Sepharose beads were removed by centrifugation.
Protein kinase and phosphatase assays. The kinase reaction was carried out in 50 µl kinase buffer (100 mM MES, pH 6.8, 1 mM EDTA, 1 mM EGTA, 10 mM NaF, 0.3% ␤-mercaptoethanol, 5 mM MgCl 2 , 5 mM ATP) containing 2 µM [␥-32 P]ATP (600-800 GBq/mmol) and partially purified cellular protein extracts (10-20 µg) with or without 10 µg per sample of the exogenous substrate myelin basic protein (MBP, Sigma). Following a 30-min incubation (30°C), the reaction mixtures were spotted onto Whatman p81 paper and washed three times with ice-cold 75 mM H 3 PO 4 , and incorporation of 32 P into the substrate was assessed by scintillation counting. For determining PP1, PP2A, and PP2B activities, extracts from N. crassa were prepared and assayed for their capacity to dephosphorylate 32 P-labeled phosphorylase ␣, as described by Yatzkan et al. (1998) . Lauter et al. (1998) reported on the detection and structural analysis of two cot-1 mRNA species whose length and abundance were photoregulated. We therefore used RT-PCR to obtain cot-1 cDNA clones for expression in E. coli. cot-1 cDNAs, corresponding to the wild-type short cot-1(s) and long cot-1(l) as well as the mutant long cot-1(l) transcript species, were amplified, isolated, and inserted into a pETI1 vector (Kolot and Yagil, 1998) . Recombinant plasmids, harboring the wild-type cot-1(s), cot-1(l), and the mutant cot-1(l), were designated pWS, pWL, and pML, respectively (Fig. 1) . To determine if the long and short wild-type cot-1 cDNAs were functional in vivo, we transformed the cot-1 strain with pOP2 and pOP6. These plasmids carried the inserts from pWL and pWS, respectively, under the control of the cot-1 promoter (Fig. 1) . Introduction of either pOP2 or pOP6 resulted in functional complementation of the cot-1 mutant phenotype (Fig. 2) .
RESULTS AND DISCUSSION

Wild-type cot-1(s) and cot-1(l) cDNAs complement the cot-1 mutant.
Identification of a point mutation in the mutant allele of cot-1. The molecular nature of the mutant cot-1 gene was determined on the basis of sequence comparison between the wild-type and mutant cDNAs. Comparison of the sequence of the wild-type cDNA (pWL, demonstrated to encode the active COT1 protein in vivo) with the corresponding mutant cDNA clone (pML) revealed three differences between the cDNA sequences originating from the wild-type and cot-1 mutant. To differentiate between changes originating from the RNA template and those which might have been incorporated during the amplification or cloning procedure, several clones originating from different PCR procedures were analyzed. One of the changes identified, an A = G base change at nucleotide 2345 of the cot-1 gene, was confirmed to be a unique and consistent difference between the wild-type and mutant alleles. This base change results in a His = Arg substitution at amino acid 351 within catalytic domain VII (upstream of the ''DFG'' kinase motif, which harbor carboxyl groups that participate in substrate recognition) of the COT1 kinase polypeptide. The molecular basis of the mutation was verified by direct sequencing of the PCR products, obtained from wild-type and mutant cot-1 genomic DNA with primers spanning the region in which the modification was located.
Two additional single base substitutions, most probably due to Taq polymerase infidelity, were detected during the course of sequencing pWL. These changes consisted of an A = G substitution at nucleotide 1827 (conferring a Lys = Arg change at amino acid 197) and a T = C substitution at nucleotide 2583 (conferring a Phe = Leu change at amino acid 430). Neither of these changes was detected in any of the other clones analyzed or in the genomic DNA. The fact that pOP2 (which contains the pWL insert) complemented the cot-1 mutant (Fig. 2) is a clear indication that these substitutions do not abolish cot-1 function.
Preparation of anti-COT1 polyclonal antibodies. To obtain sufficient amounts of COT1 protein for antibody production and for in vitro testing of COT1 kinase activity, the cot-1 cDNAs were expressed at high levels in E. coli. Coomassie blue staining of protein extracts prepared from E. coli, expressing pWS and pWL or pML revealed the overproduction of polypeptides (approximately 10% of the total cellular protein content) of the predicted sizes (60 and 70 kDa, respectively). No differences between the size or abundance of wild-type and mutant gene products were observed (data not shown).
Antibodies prepared against the E. coli-produced 60-kDa protein (designated ␣COT60) detected and immunoprecipitated the corresponding polypeptide from crude extracts prepared from E. coli expressing COT1 (Fig. 3A) . In parallel with the preparation of ␣COT60, we also raised antibodies against a 17-amino-acid polypeptide, synthesized on the basis of a unique region within the COT1 catalytic domain (designated ␣COT17). Both polyclonal anti-COT1 antibodies apparently detected the same recombinant polypeptides, expressed in E. coli (Fig. 3B) .
Expression of COT1 in N. crassa. Western analyses revealed the presence of COT1 in protein extracts prepared from wild-type N. crassa. Two main polypeptides were detected: a predominant one of 73 Ϯ 2 kDa and a less abundant one of 67 Ϯ 2 kDa, indicating the presence of two COT1 isoforms (Fig. 4) . The appearance of two isoforms was not surprising, as Lauter et al. (1998) demonstrated the presence of two photoregulated cot-1 transcripts in N. crassa, suggesting the formation of two polypeptides (calculated to be approximately 60 and 70 kDa). However, the sizes of the polypeptides, detected by both antibodies in N. crassa, were larger than that ex-FIG. 1. Clones and constructs used in this study. pWL, pWS, and pML are cDNA clones prepared from the long and short transcripts of the wild-type allele of cot-1 and the long transcript of the mutant cot-1 allele, respectively. pOP2 and pOP6 are constructs used for transforming the cot-1 mutant with the cot-1 promoter-driven WL and WS cDNA fragments, respectively.
FIG. 2.
Functional complementation of cot-1 by pOP2 and pOP6, which harbor, respectively, cot-1(s) and cot-1(l) cDNAs (isolated from pWS and PWL, respectively), regulated by the cot-1 promoter. pected on the basis of the genetic data and the corresponding 60-or 70-kDa COT1 polypeptides overproduced in E. coli. The fact that both independently prepared antibodies recognized the identical COT1 pattern (Fig. 4 ) strongly supports the conclusion that those were COT1 polypeptides.
As it was conceivable that the two detected polypeptides represented the results of the alternative cot-1 transcription events described by Lauter et al. (1998) , we analyzed COT1 presence and size under photoinductive conditions. Repeated experiments performed under light and dark conditions revealed no changes in the presence or abundance of either COT1 band (data not shown). Thus, neither the abundance nor the size of the COT1 isoforms observed in N. crassa is likely to be linked to alternative photoinducible transcription; they more likely represent a single polypeptide which has been differentially modified posttranslationally. Thus, the differential translation of the different transcripts produced under light/dark conditions has yet to be elucidated. One possible explanation to the lack of correlation between the transcription and proteinbased analyses is that contrary to the possibility that cot-1(s) is the basis for a truncated version of the COT1(l) polypeptide, perhaps the cot-1(s) transcribes a different, nonimmunorelated polypeptide. However, the ORFs found downstream of the transcription initiation site do not support this possibility. Alternatively, it is possible that the short transcript is not efficiently translated or stable (rendering the product not to be immunodetectable). The abundance of the 73 Ϯ 2-kDa polypeptide appeared to be constant and dominant in extracts prepared from both the wild-type and cot-1 mutant strains. Imposed temperature shifts led only to changes in the abundance of the minor, 67 Ϯ 2-kDa, polypeptide (Fig. 5) . These changes in abundance were reversible: if, following growth at the restrictive temperature, the cot-1 strain was shifted back to the permissive growth conditions, the presence of the lower MW isoform was once again detected (Fig. 5) .
To phenocopy the colonial growth of cot-1, we cultured the wild-type strain in the presence of L-sorbose. L-Sorbose can influence cell wall biosynthesis by inhibiting glycogen and glycan synthesis (Mishra and Tatum, 1972) and it confers a compact, highly branched colonial phenotype. However, there was no observable difference between the COT1 expression patterns in N. crassa strains grown in media supplemented with either sucrose or L-sorbose (data not shown). Lauter et al. (1998) did not detect any influence of L-sorbose on cot-1 transcription. Thus, our results substantiate the conclusion that the toxic effects of L-sorbose do not appear to be transduced via alterations in cot-1 transcription by demonstrating that neither COT1 abundance nor stability is affected by L-sorbose, which has been suggested to act via an alternative (although possibly converging) signal transduction pathway (Lauter et al., 1998) .
As a change in the presence of a COT1 isoform was found only in the cot-1 mutant background, we analyzed COT1 expression in additional N. crassa mutants, exhibiting temperature-sensitive hyphal elongation/branching phenotypes. The detection pattern of COT1 was examined in extracts prepared from cot-2, cot-3, cot-4, and cot-5 mutants, grown under restrictive temperature conditions. Repeated probing with both antibodies indicated the higher MW isoform to be present in all cot mutants, and the lower form to be absent from two of them, cot-3 and cot-5, when these mutants were grown at 34°C (Fig. 6 ). No differences in the presence or abundance of both COT1 isoforms were detected in all the cot mutants when grown at 25°C (data not shown). On the basis of these results, we concluded that the expression pattern of the COT1 predominant isoform (73 Ϯ 2 kDa) is not influenced by changes in environmental growth conditions (light, Lsorbose) or by different genetic backgrounds conferring colonial growth. However, shifting the temperature of cot-1 or of two other colonial mutants (of the four tested) resulted in the loss of the detectable lower MW COT1 isoform.
The significance of the presence and stability of the higher MW COT1 isoform can be explained in several ways. As COT1 is apparently a regulator of events controlling hyphal elongation, one might expect the constant requirement for COT1's presence in the hyphae-producing cell. This form could conceivably represent the major cellular pool of COT1 kinase, which is trafficked to its point(s) of activity, where it is subsequently modified (resulting in the lower MW isoform). On the basis of this assumption, the mutation in COT1, although mapped to the catalytic domain, could be involved in COT1 trafficking or maturation. The rapid resumption of hyphal elongation which accompanies the reaccumulation of the lower MW isoform following a shift to the permissive temperature supports this possibility. Another possible explanation for the difference in the abundance of the two COT1 isoforms lies in the hypothesis that these two isoforms represent different functions of COT1 within the fungal cell. Thus, the higher MW isoform is not linked with hyphal elongation/ branching and may not be functional, whereas the lower MW isoform is functionally linked with the regulation of hyphal elongation, and its abundance is a result of a feedback mechanism governed by the extension of the fungal cell.
FIG. 5.
Restoration of the presence of both COT1 isoforms after cultures are shifted back to the permissive temperature. The cultures were grown for 10 h at 25°C, after which they were either maintained at the same temperature for an additional 14 h or shifted to 34°C. Normal growth was restored by returning the cot-1 cultures to 25°C for 10 h. 6. The 73 Ϯ 2-kDa COT1 isoform was present in all five colonial temperature-sensitive (cot) mutants analyzed (when grown at the restrictive growth temperature). However, the 67 Ϯ 2-kDa isoform was not detected in cot-1, cot-3, or in cot-5 grown at restrictive temperatures.
FIG.
Changes in p150 Glued accompany restriction of COT1 activity. The ro-1 and ro-3 genes have been shown to encode cytoplasmic dynein heavy chain and p150 Glued , the largest subunit of dyncatin, respectively (Plamann et al., 1994; Tinsley et al., 1996) . ro-1 and ro-3 mutation, as well as other mutations affecting cytoplasmic dynein activity, partially suppress the growth defect of cot-1 . To determine whether the effect of the cot-1 mutation on hyphal elongation is mediated via changes conferred on these two components of the cytoskeleton motor complex, we assayed RO1 and RO3 for changes in protein mobility in a cot-1 background. No changes in mobility of the heavy chain of cytoplasmic dynein (ϳ500 kDa) were detected in the cot-1 background as compared to the wild type, when the strains had been grown at either 25°or 34°C (Fig. 7) . However, a change in the mobility pattern of p150 Glued was observed in extracts prepared from cot-1 grown at the restrictive temperature ( Fig. 7) : an increased number of RO3 isoforms, which exhibited faster mobility than the wild-type form, were observed. We assumed that the lower MW isoforms were indicative of the presence of RO3 at different levels of posttranslational modification (possibly also involving phosphorylative events), which may also (or alternatively) involve changes in RO3 protein stability. In contrast, no changes in ␣-tubulin mobility were observed in extracts prepared from the cot-1 strain grown at 34°C (Fig. 7) , suggesting that not all cytoskeletal elements known to undergo phosphorylative modifications (Macrae, 1997) are affected by the cot-1 mutation.
The putative changes in RO3 mobility could be linked to the reduction in total Ser/Thr kinase activity which occurred in extracts prepared from cot-1 following a shift to nonpermissive growth conditions. This was determined by in vitro phosphorylation assays of myelin basic protein (MBP). This substrate was chosen because COT1 is highly similar to the Rho kinase subfamily, which are known to phosphorylate MBP (Ishizaki et al., 1996; Justice et al., 1995; Verde et al., 1998) . Similar levels of in vitro MBP phosphorylation were detected in extracts prepared from wild-type or cot-1 grown at permissive temperatures. However, lower levels of kinase activity (ϳ60-65% of that determined in the wild type) were measured in extracts prepared from cot-1 which had been grown at the restrictive temperature (Table 1) nant COT1 proteins (60 and 70 kDa), overproduced in E. coli cells, were used as an enzyme source. Similarly, the E. coli-produced COT1 proteins did not exhibit kinase activity when other substrates (histone II, histone V, casein) were also tested. It is probable that not all (if any) of the changes observed in RO3 mobility are due to the direct activity of COT1. If COT1 kinase is involved, other kinases and phosphatases are likely to function, in concert with COT1, in the phosphorylative modification of RO3 and other proteins.
In parallel with the measurement of Ser/Thr kinase activities, the relative activities of three Ser/Thr phosphatases (PP2B, PP2A, and PP1) in the various strains were also determined ( Table 2) . A moderate, albeit consistent, change in PP2B and PP1 activity was detected in extracts prepared from cot-1 shifted to the restrictive temperature, but no significant change in PP2A activity was detected. The average increase in PP2B and PP1 activities in cot-1 34°C (versus wild type) was estimated to be 40-50%.
The obtained changes in kinase and phosphatase activities suggest that a mutation in cot-1 can influence the catalytic activities of some Ser/Thr kinases and phosphatases, which might be involved in regulatory pathways leading to morphological development. The fact that total MBP-phosphorylating kinase activity declined while PP1 and PP2B activity rose in the cot-1 extracts supports the following conclusion: these measurements are indicative of a change in COT1 activity and not just of a decline (or surge) in general metabolic activity imposed by the developmental alterations which follow the temperature shift.
Identifying proteins that interact with COT1 and determining to which possible transduction pathway(s) they are linked would assist in elucidating the regulatory mechanisms of hyphal elongation.
Physical interaction between COT1 kinase and type 2B phosphatase. As impairment of PP2B levels in N. crassa can affect hyphal morphology in a manner similar to that observed in cot-1 (Prokisch et al., 1997) , we proceeded to investigate the putative involvement of PP2B in the regulation of N. crassa hyphal growth and morphology through an interaction with COT1 kinase. First, we monitored the expression pattern of COT1 in strain T3, in which a reduction in PP2B expression can be induced via cna-1 FIG. 8. Coimmunoprecipitation analyses of N. crassa cot-1 (grown at 34°C) protein extracts with ␣COT17 and anti-CNA1 antibodies. Following the immunoprecipiation procedure, COT1 and CNA1 were detected with the appropriate antibodies (left and right panels, respectively). The direct immunodetection and preimmune serum immunoprecipitation controls (designated ''Crude'' and ''PreIm.'') appear in the external lanes of each panel. Yatzkan et al. (1998) . A unit of phosphatase is defined as the amount of enzyme required to convert a micromole of substrate in 1 min. The average of three to five experiments is shown. The standard deviation of the assays was 25%. b cot-1 extracts were prepared from cultures grown for 10 h at 25°C followed by a shift to 34°C for an additional 14 h. antisense transcription (Prokisch et al., 1997) . The twoisoform expression pattern of COT1 was identical in protein extracts prepared from the T3 strain grown in either the presence or the absence of quinic acid (the cna-1 antisense expression inducer). However, the abundance of PP2B, as detected by Western analysis, was slightly higher in the extracts prepared from cot-1 following a shift to restrictive conditions (data not shown). These results are in agreement with biochemical data which indicate an increase in PP2B activity under the same conditions.
A potential physical interaction between COT1 kinase and PP2B was demonstrated by immunoprecipitation analyses of these two proteins from N. crassa extracts. Results of a series of experiments conducted with both the ␣COT17 and the anti-CNA1 antibodies clearly indicate that COT1 and PP2B could be coimmunoprecipitated from N. crassa extracts (Fig. 8 ). The fact that both COT1 and PP2B were detected, regardless of the antibodies used for immunoprecipitation, strongly suggests a physical interaction between the respective kinase and phosphatase in N. crassa. These interactions were observed in extracts prepared from cot-1 shifted to the restrictive temperature ( Fig. 8) as well as in extracts prepared from the wild-type strain (data not shown). This is supported by the similarity of the phenotypic consequence of cot-1 and cna-1 gene expression alterations.
Even though many kinases and phosphatases are themselves subjected to phosphorylative regulation or are functionally associated for performing their cellular function(s), information concerning the physical association between various Ser/Thr kinases and phosphatases is still very limited. Such interactions have been shown to occur in the regulation of the sigma (B) factor activity in Bacillus subtilis (Yang et al., 1996) , the association between the neural tissue type II cAMP-dependent protein kinase and the beta isoform of PP2B (Scott, 1997) , and the interaction between the smooth muscle myosin light chain kinase and phosphatase (Sobieszek et al., 1997) .
Similarly to other protein kinases, it is likely that COT1 undergoes posttranslational modifications (which probably involve phosphorylation/dephosphorylation events). Elucidating the nature of these modifications, along with the further structural and functional analyses of genes interacting with or affected by COT1 (e.g., PP2B, cot-3, cot-5, and various suppressors of cot-1) will provide additional information concerning COT1 regulation and improve our understanding of the cell elongation process.
